Introduction {#sec1-1}
============

Major improvements in primary prevention and acute treatment have led to a decline in global stroke incidence. However, rates observed in young adults are on the rise (Kissela et al., 2012; Aigner et al., 2017), signaling a need for improved preventative strategies. In addition, as the global population ages, the absolute number of strokes is expected to dramatically increase in coming years: by 2025, 1.5 million European people will suffer a stroke each year (Béjot et al., 2016). Diabetes mellitus is one of the main risk factors for ischemic stroke. With the recent increase in incidence of diabetes mellitus, the prevention of ischemic stroke among diabetes patients is an increasingly important public health concern (Pan et al., 2016).

The ankle-brachial index (ABI) is calculated separately for each foot by dividing the higher of the two systolic pressures in the ankle by the higher of the two systolic pressures in the arm (Wang et al., 2008; Gómez-Marcos et al., 2012). It is a standard measure of arterial blood flow in the lower extremities and the non-invasive gold standard for detecting peripheral artery disease (Aboyans et al., 2012). Low ABI is associated with an increased risk of incident coronary events, stroke, and mortality in the general population (Fowkes et al., 2008; Diehm et al., 2009). The brachial-ankle pulse wave velocity (BaPWV), expressed in meters per second, is calculated as the ratio of the distance travelled and the arm-to-foot time delay between pulse waves (Gómez-Marcos et al., 2012). The BaPWV can be used to assess arterial stiffness, and to predict and detect cardiovascular disease (Lee, 2015; Munakata, 2016; Murakami et al., 2017). In recent years, ABI and BaPWV have been used to predict ischemic heart disease and cerebrovascular disease (Chung et al., 2015; Saji et al., 2015).

ABI and BaPWV are simple, non-invasive, convenient, and quick measures that are being increasingly accepted as meaningful clinical indicators (Yamashina et al., 2002; Cortez-Cooper et al., 2003; Wang et al., 2012; Davies et al., 2014; Herráiz-Adillo et al., 2016). However, whether ABI and BaPWV can be used to predict risk in patients with type 2 diabetes is unclear. To address this, we evaluated risk of cerebrovascular disease, specifically ischemic stroke in patients with type 2 diabetes *via* ABI, BaPWV, head MRI, transcranial Doppler ultrasonography, and carotid ultrasound scans.

Subjects and Methods {#sec1-2}
====================

Subjects {#sec2-1}
--------

We recruited 117 patients with type 2 diabetes who met the WHO (1999) diagnostic criteria for diabetes mellitus and sought medical treatment between May and October 2015 at the First Hospital of Jilin University, China (WHO, 1999).

### Inclusion criteria {#sec3-1}

Patients presenting with all of the following criteria were considered for study inclusion: (1) a history of type 2 diabetes mellitus; (2) no evidence of subclavian artery stenosis on carotid ultrasound scan; and (3) participation and cooperation with examinations.

### Exclusion criteria {#sec3-2}

Patients with one or more of the following conditions were excluded from this study: (1) arrhythmia; (2) thrombolytic therapy; (3) arterial stent implantation or lower-limb revascularization; (4) limb-related disabilities; (5) unable to cooperate with certain tests.

The study protocol was approved by the Ethics Committee of The First Hospital of Jilin University of China (approval No. 2015-241). The study was performed in accordance with the *Declaration of Helsinki*. All participants provided informed consent.

Outpatient or inpatients from the First Hospital of Jilin University of China were selected between May 1 and October 31, 2015. The general clinical data collected included sex, age, height, body weight, body mass index (BMI), hypertension, and smoking habits. Enrolled patients underwent the following blood tests under fasting conditions: glycosylated hemoglobin, fasting blood glucose, cholesterol, triglycerides, high-density lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol. In addition, the 117 participants underwent head MRI, transcranial Doppler ultrasonography, carotid ultrasound scans, lower extremity artery ultrasonography, ABI, and BaPWV measurements.

The diagnostic criteria for transcranial Doppler ultrasonography and carotid ultrasound scans were from the Ultrasound Guide for Vessels and Superficial Organs (Chinese medical doctor association). The ABI measures included ABI value, upper extremity upside time (UT), lower extremity UT, upper limb systolic blood pressure, lower limb systolic blood pressure, upper limb diastolic blood pressure, lower limb diastolic blood pressure, upper extremity mean pressure, lower extremity mean pressure, upper limb pulse pressure, and lower limb pulse pressure. According to results from the head MRI, the patients were divided into a diabetes-only group (*n* = 55) and a diabetes and ischemic stroke group (*n* = 62).

Transcranial Doppler ultrasonography and carotid ultrasound scan {#sec2-2}
----------------------------------------------------------------

We used transcranial Doppler ultrasonography (EMS-9, Delica, China, 2-MHz probe) to scan the middle cerebral artery, anterior cerebral artery, posterior cerebral artery, internal carotid artery siphon, ophthalmic artery, basilar artery, and vertebral artery. The severity of cerebrovascular stenosis was measured using Sacco RL diagnostic criteria (Sacco et al., 1995). Color Doppler ultrasound scans (IU-22, Philips, the Netherlands, L9-3, C5-1 probes) were used to bilaterally scan the common carotid artery, extracranial internal carotid artery, external carotid artery, subclavian artery, and vertebral artery. The severity of each carotid artery lesion was assessed based on the diagnostic criteria outlined by the Society of Radiologists in Ultrasound Consensus Conference, 2003 (Grant et al., 2003).

ABI and BaPWV measurements {#sec2-3}
--------------------------

We used a blood pressure and pulse monitor manufactured by Beijing Yue Qi Chuang Tong Technology Co., Ltd., China (model VBP-10S). The sphygmomanometer cuff width was 10 cm and the length was 25--30 cm. Participants were instructed to lie in a supine position on the examination table. The four cuffs were placed on the brachial arteries of the upper limbs and the posterior tibial arteries of the lower limbs. Once the participants assumed the standard supine position, they maintained a completely relaxed state for 5 minutes. The blood pressure and pulse monitor then automatically and simultaneously measured arterial blood pressure in the limbs (Forbang et al., 2014; Cheng et al., 2016). As shown in **[Figure 1](#F1){ref-type="fig"}**, BaPWV, which was expressed in meters per second, was calculated as the ratio of the distance travelled and the arm-to-foot time delay between the pulse waves (McDermott et al., 2002). Experienced technicians took all ABI and BaPWV readings.

![Monitoring model images of normal and abnormal bilateral ABI values.\
Abscissa: UT; ordinate: amplitude. UT: Upside time; ABI: ankle-brachial index.](NRR-12-1853-g002){#F1}

Statistical analysis {#sec2-4}
--------------------

We used SPSS version 17.0 software (IBM, West Grove, PA, USA) for statistical analysis. We compared the count data between groups using a chi-square test. If the measurement data had a normal distribution, we used the mean ± SD to describe the quantitative data. We used a two independent sample *t*-test to compare the quantitative data between groups. If the data did not obey a normal distribution, we used the Wilcoxon rank-sum test. We used multivariate logistic regression to analyze the risk factors of ischemic stroke among patients with diabetes. A P-value less than 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Characteristics of the participants {#sec2-5}
-----------------------------------

We recruited 117 patients (77 males and 40 females) with an average age of 59.75 years (range, 39--84). Patients were separated into a diabetes-only group or a diabetes and ischemic stroke group based on whether cerebral infarction lesions were detected on the head MRI (**[Figure 2](#F2){ref-type="fig"}**). In the diabetes-only group, there were 55 participants (33 males and 22 females) aged 39 to 77 years old, with a mean age of 58.07 ± 9.49 and a BMI of 26.02 ± 3.04 (**Figures [3](#F3){ref-type="fig"}** and **[4](#F4){ref-type="fig"}**). In the group of patients with diabetes and ischemic stroke, there were 62 participants (44 males and 18 females) aged 43 to 84 years old, with a mean age of 61.32 ± 9.52 and a BMI of 25.48 ± 2.93.

![Trial flow chart.](NRR-12-1853-g003){#F2}

![Magnetic resonance imaging (MRI) images of a 59-year-old male patient with diabetes without ischemic stroke.\
The patient presented a headache for half a year. Head MRI: normal. MRI showed normal signal in the T1-weighted image (T1WI), T2-weighted image (T2WI), and Flair image.](NRR-12-1853-g004){#F3}

![Magnetic resonance imaging (MRI) images of a 62-year-old male patient with diabetes and ischemic stroke.\
The patient presented body paralysis on the right side for 1 day. Head MRI: Cerebral infarction on the right side of the basal ganglia. MRI showed low signal in the T1-weighted image (T1WI), high signal in the T2-weighted image (T2WI), and low signal in the Flair image on the right side of the basal ganglia.](NRR-12-1853-g005){#F4}

The diabetes-only group and diabetes and ischemic stroke group were not significantly different in terms of the male/female ratio (*P* \> 0.05), height (*P* = 0.455), body weight (*P* = 0.739), BMI (*P* = 0.328), history of hypertension (*P* \> 0.05), or smoking habits (*P* \> 0.05). Similarly, levels of glycated hemoglobin, fasting blood glucose, cholesterol, triglycerides, LDL cholesterol, HDL cholesterol, and triglycerides were not significantly different between the two groups (*P* \> 0.05). The transcranial Doppler ultrasound and carotid ultrasound revealed no significant differences between the two groups (*P* \> 0.05) (**[Table 1](#T1){ref-type="table"}**).

###### 

General participant characteristics

![](NRR-12-1853-g006)

Comparison of ABI and BaPWV between the two groups {#sec2-6}
--------------------------------------------------

Differences in BaPWV, ABI, upper extremity UT, lower extremity UT, upper limb systolic pressure, upper limb mean pressure, and upper limb pulse pressure were statistically significant (*P* \< 0.05) between the two groups. To exclude confounding factors and assess the possibilities with respect to clinical application, we selected the BaPWV and ABI for a multivariate logistic regression analysis. The results indicated that BaPWV and ABI were independent risk factors for the incidence of ischemic stroke among the patients with type 2 diabetes mellitus (**Tables [2](#T2){ref-type="table"}** and **[3](#T3){ref-type="table"}**).

###### 

Index comparison between the two groups

![](NRR-12-1853-g007)

###### 

Results of Logistic regression analysis

![](NRR-12-1853-g008)

Discussion {#sec1-4}
==========

We found that the ABI and BaPWV measures were independent predictors of ischemic stroke in our patient group. Specifically, a higher BaPWV and lower ABI were associated with an increased risk of ischemic stroke.

The concept of ABI was first proposed in 1950 by Winsor, and has been widely used in clinical and epidemiological studies of lower extremity arterial disease. Many related national and international research studies have demonstrated that ABI is an independent risk factor for atherosclerotic heart disease. Therefore, ABI monitoring has an important role in preventing coronary atherosclerotic heart disease. In addition, low ABI values and elevated serum creatinine may predict chronic kidney disease (O'Hare et al., 2005; Vinuesa et al., 2005).

The relationship between ABI values and ischemic stroke has gradually received more attention in recent years. In 2001, Tsai AW et al. conducted a large-scale study of 14,839 patients over a period of 7 years, as a component of the Atherosclerosis Risks in Communities study (Tsai et al., 2001). Murabito et al. (2003) studied 674 patients over a 4-year period. Both studies found that a reduction in ABI values was correlated with increased ischemic stroke. These studies were preliminary; however, they did confirm the association between ABI values and ischemic stroke.

Nakano et al. (2004) compared ABI values in patients with ischemic stroke and healthy controls. They found that low ABI may be a risk factor for ischemia. Ovbiaqele et al. (2009) found that low ABI values predicted ischemic stroke. Both of these studies support the association between low ABI and ischemic stroke. Gronewold et al. (2014) found that among the general population, ABI appears to be a strong predictor of stroke, specifically for patients with classical risk factors. In addition, low ABI values appear to be associated with a higher risk of early recurrent stroke in patients with acute cerebral ischemia and no history of symptomatic peripheral arterial disease (Tsivgoulis et al., 2012). Moreover, Ratanakorn et al. (2012) conducted a study of 747 patients with ischemic stroke or transient ischemic attack. TOAST classification results demonstrated that ABI values significantly differed between patients with diverse characteristics. Chung et al. (2013) reported the same finding.

Subsequent studies have found that ABI values and symptoms of neurological impairment are correlated in patients with stroke such that lower ABI values are associated with greater severity of neurological impairment (Chotik-anuchit et al., 2011; Kim et al., 2012, 2014). Therefore, these studies support an association between ABI values and ischemic stroke. Ishizuka et al. (2014) continued this research by demonstrating that ABI values \< 0.9 were a predictive indicator of neurological impairment in patients with acute ischemic stroke, and that ABI values \< 1.0 predicted ischemic cerebrovascular disease. Alvarez-Sabin et al. (2014) studied 977 patients with ischemic stroke and found that among patients with non-cardiac ischemic stroke, a low ABI was an independent risk predictor for cerebrovascular disease and neurological impairment. Gronewold et al. (2014) conducted a screening analysis of 4,299 participants. They found that ABI values independently predicted stroke in the general population, particularly when combined with other stroke risk factors.

Park et al. (2009) demonstrated that increased BaPWV values are associated with the degree of cerebral arterial calcification in patients with acute ischemic stroke. In addition, Hong et al. (2016) concluded that low ABI values are independent predictors of ischemic and recurrent strokes. Furthermore, low ABI values represent supplemental information regarding patients who are at increased risk of subsequent strokes. Fan et al. (2013) and Xuan et al. (2015) found that both BaPWV and ABI were suitable and complementary tools to accompany transcranial Doppler ultrasonography in the early diagnosis of intracranial arterial stenosis/occlusion in patients with acute ischemic stroke. In addition, Saji et al. (2015) studied 1,380 patients with acute ischemic stroke and found that high BaPWV and low ABI values were predictive of acute ischemic stroke. Severe cerebral arterial disease and a high incidence of subsequent vascular events have been associated with ABI values \< 0.8 in patients with ischemic stroke; however, this association was not present for patients with mild ABI values (0.8--0.89) (Manzano et al., 2012). Furthermore, Tziomalos et al. (2014) demonstrated that there is no relationship between ABI values ≤ 0.90 or \> 1.40 and increased stroke severity or worse in-hospital outcomes in patients with acute ischemic stroke.

A number of studies have found that ABI values in patients with diabetes predict clinical symptoms (Bouchi et al., 2012; Hoshino et al., 2013). In addition, the incidence of ischemic stroke is approximately 23--53% higher in patients with diabetes compared with patients with ischemic stroke without diabetes (Fonville et al., 2014). Chang et al. (2014) found that the rates of composite events and mortality from all causes were significantly higher in patients with diabetes, low ABIs, and high BaPWVs compared with those with low ABI and low BaPWV levels.

The present study builds upon existing Chinese and foreign studies on the relationship between ABI values, BaPWVs, and ischemic stroke by investigating the relationships between ABI, BaPWV, and ischemic stroke in patients with type 2 diabetes while controlling for intracranial and extracranial vascular conditions. The results demonstrate that BaPWV and ABI are independent predictors of ischemic stroke in patients with type 2 diabetes.

We observed statistically significant differences in BaPWV, ABI, upper extremity UT, upper limb systolic blood pressure, upper limb mean pressure, and upper and lower limb pulse pressure between the diabetes-only group and the diabetes and ischemic stroke group. Multivariate logistic regression analysis demonstrated that BaPWV and ABI were independent risk factors for ischemic stroke in patients with type 2 diabetes. Our results were with consistent with those from both Chinese and international studies.

ABI measurement is simple, convenient, and rapid, and has therefore been used to diagnose peripheral arterial disease. ABI is increasingly being used to detect chronic kidney disease, screen for cardiovascular disease, and prevent ischemic stroke in clinical practice. Use of ABI as a diagnostic tool may enable prevention and early treatment of cardiovascular and cerebrovascular diseases.

Compared with similar studies conducted within and outside of China, we collected data regarding a large number of variables including clinical data, ABI, BaPWV, and head MRI, which contributes to the diagnosis of cerebral infarction. We then used transcranial Doppler ultrasound and carotid ultrasound to further clarify cerebrovascular changes. We found no differences in clinical data or cerebrovascular condition between the two groups. We thus determined that BaPWV and ABI are independent predictors in patients with type 2 diabetes and ischemic stroke.

There are two major limitations of this study. First, the sample size of this study was relatively small. A large-scale study is required to further confirm our conclusions. Second, we did not compare the diagnostic efficacy of ABI and BaPWV with that of other tests (*e.g*. computed tomography angiography and digital subtraction angiography) for both lower limb arteries.

In summary, BaPWV and ABI appear to be independent predictors of ischemic stroke in patients with type 2 diabetes and may be useful clinical tools in a variety of clinical settings.
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